The resp irato ry a c tiv ity of ram sperm atozoa was m easured before an d after experim ental tre a tm e n t a t low tem p eratu re.
Introduction
The effect of temperature on the mammalian spermatozoon presents many features of interest. I t is well known th a t spermatogenesis ceases if the testis is returned to the body cavity or if it is artificially heated. The effect of this slight rise in tem perature is less immediately harmful to the mature spermatozoa, but Knaus (1932) has shown that, in comparison with the duration of fertilizing capacity of spermatozoa in the scrotal isolated epididymis, which is about 40 days in the rabbit, the duration of fertilizing capacity of spermatozoa in the cryptorchid isolated testis is about 7 days, and in the cryptorchid isolated epididymis about 4 days. I t may therefore be significant that, in mammals, storage of the spermatozoa takes place in the scrotal epididymis and not in the body cavity where the temperature is higher. Outside the body vitro), conditions are of course different but the spermatozoa show very great sensitivity to high tem peratures. At body tem perature they retain fertilizing capacity for about 10 hr. only (Walton 1930) . At 45° C they are almost instantaneously destroyed. As the tem perature of storage is reduced, the time of survival increases. This increase in survival runs parallel with a decrease in the activity of the cell, and it is probable th a t the increased survival is due to a reduction in the rates of those metabolic processes which lead ultimately to exhaustion or destruction of the cell.
This effect of lowered tem perature on survival has been noted by many workers. W alton (1930) found, however, th a t there was an optimum tem perature of storage a t about 12° C, and below this some unfavourable reaction set in which was more marked as the tem perature of 0° C was reached. Various authors have confirmed the existence of an optimum between 15 and 0° C, but are not agreed as to its exact position on the tem perature scale. This disagreement is probably explained by the results recorded in this paper. Milovanov (1934) found th a t sudden cooling had a deleterious effect, which he termed 'tem perature shock', on spermatozoa; and in consequence all rooms used for the collection of semen for artificial insemination in the U.S.S.R. are specially heated. Birillo and Puhaljaskii (1936) recommend also the use of a vacuum cup for the collection of bull semen and, for storage, slow cooling at a rate of about 10° C per hour. This present paper is an attem pt to study tem perature shock on a more quanti tative basis, using as a criterion of its effect the respiratory activity of the cell.
In order to assess activity of the spermatozoon, most workers have adopted a system of arbitrary gradings of activity according to the appear ance of a drop of semen under the microscope. This method, although of some value, can give only approximate results, since it is semi-quantitative and largely subjective. Measurement of the respiratory activity is em ployed in this investigation because it is both quantitative and objective. Furthermore, W alton and Edwards (1938) and W alton (1939) have shown th at the respiratory activity can be used as a criterion of sperm activity which is closely correlated with the fertility of the male.
Methods
Semen taken from Suffolk rams during a 9 months period from October 1939 to July 1940 was used. The semen was collected in an artificial vagina by the method described in detail by W alton (1938) . In the present in vestigation a vacuum cup was used in place of the usual receiver for the semen. Before use the cup was disinfected with 65 % alcohol, dried in an oven and kept before use in a warm chamber. As the tem perature in the artificial vagina during collection is maintained at about 40-45° C, the temperature (verified by thermocouples) inside the cup is usually about 35° C and never below' 30° C. Thus the semen is not subjected to any temperature shock during collection. An ewe, which need not be in oestrus, was used in the service crate. When the ram was brought up to the ew'e, he mounted for service and his penis wras directed into the artificial vagina. He ejaculated within a few seconds. As soon as the semen was obtained it was removed to a warm chamber (25-30° C) in the laboratory. As one ejaculate of the ram is seldom more than about 1 c.c., we collected two samples with an interval of about 7 min. between each collection. The two samples were mixed thoroughly together before use in the experiments. All manipulation of the semen was carried out in the warm chamber. Sterilized pyrex glass pipettes and storage tubes were used. Aseptic precautions were taken to avoid contamination. As a 'fresh' control of activity, 0-2 c.c. of the mixed sample was taken immediately for measure ment of respiration. The rest of the sample was divided among several small tubes (0-25 c.c. in each) and covered with a layer of liquid paraffin to prevent evaporation and rapid gaseous exchange with the air. These separate samples were then treated in various ways according to the experiment. After treatm ent respiration was measured.
The instrument used to measure oxygen consumption was the modified Barcroft respirometer devised by Dixon (1934) . The bottles were of stan dard size (about 40 c.c. capacity). A scroll of filter paper soaked in 20% KOH and placed in the inner cup served to absorb C02. The amount of oxygen consumed in a given time was read from the gas pipette attached to the respiration bottle. The respirometers were mounted on a shaker and immersed in a thermostatic bath kept at 37° C. The standard procedure adopted for both fresh control and treated semen was to put 0-2 c.c. of semen into a Barcroft bottle containing 3-8 c.c. of dilutor. The formula for this dilutor is given by Milovanov (1934) , and is the best we have yet tried for the measurement of respiration. The composition is as follows:
The oxygen consumption was recorded a t 10 min. intervals for a period of 2 hr. After reduction to S.T.P. the oxygen consumed was expressed, for comparison with the fresh control, in term s of the volume of semen or, for an absolute measurement, in terms of the number of spermatozoa. The 'density', i.e. the number of spermatozoa per unit volume, was measured by the standard haemocytometer technique. The variation in number of spermatozoa in separate samples of 0*2 c.c. from the same original mixed collection, and measured after respiration, is within the experimental error of sampling. The total oxygen consumed in 2 hr. by a fresh sample varied from about 0-247 to 0-327 c.c. and, per million spermatozoa, from about 0-470 to 0-690 cu.mm. The rate of oxygen uptake of a fresh sample of semen is practically constant over 2 hr., but th a t of a sample, adversely affected, may decline after about half an hour. Thus in taking the total oxygen consumption in 2 hr. as a measure of the damage done to the spermatozoa, two factors are involved, the effect on the rate of oxygen consumed and the effect on the survi val of the spermatozoa in the respiro meter. Since there is some variation in samples collected at different times, each treated sample was expressed as a percentage of the fresh sample from the same mixed collection.
After respiration had been measured, a drop of the sperm suspension from the Barcroft bottle was examined under the microscope. The degree of motility and the proportion of spermatozoa exhibiting motility were recorded. W ithin the limits of these rough eye measurements there was close agreement between the motility of the sample and the oxygen con sumption. For example, a sample which had consumed only 20 % oxygen as compared with a fresh sample showed a large proportion of the sperma tozoa to be dead and only a small number of feebly active spermatozoa; while a drop from a fresh sample, or one from a sample which still showed high respiratory activity, showed nearly all the spermatozoa in rapid progressive motion. Na2H P 0 4 (anhyd.) K H 2P 0 4 0-824 g. 0-08 3-20 Glucose Glass distilled w ater 100-0 c.c.
Temperature shock and acclimatization
Semen was manipulated in the warm chamber at 30° C. 0-2 c.c. was added to the Barcroft bottles and cooled in different ways, then warmed, diluted and the respiration measured. In test I the semen was added to warm bottles in the chamber, and then these bottles stood for 10 min. in air chambers kept a t controlled temperatures. In test II the warm bottles, containing the semen, were stood in water a t the same controlled tem peratures. In test II I the semen was added to bottles previously cooled, and in test IV the semen was added to cooled dilutor. Table 1 shows the results of this experiment. The results clearly indicate th a t the spermatozoa are sensitive to a sudden drop in temperature, and th a t the lower the temperature to which the semen is cooled, the greater is the harm done. From this preliminary experiment we realized the justification for taking special care to avoid accidental cooling. For instance, test I I I demon strated the danger of tem perature shock to semen collected in the ordinary glass receiver during winter. The spermatozoa will suffer if ejaculated into a cold receiver even at a tem perature of 15° C. A comparison of tests I and II demonstrates th a t rapid conduction of heat from a glass bottle will adversely affect the spermatozoa. Test IV illustrates the danger of adding spermatozoa to cold dilutor. The results obtained in this preliminary experiment do not differentiate between three possible factors which may be involved in sudden cooling. These are ( a)the harmful effect of low temperature itself, (b) the rate of cooling of the spermatozoa, and (c) the time taken by the spermatozoa to become acclimatized to a given temperature change. The procedure in a more complete experiment was as follows. Semen was manipulated in the warm chamber at27°C. 0-2 c.c. was taken for immediate measurement of respiration, and the rest divided into portions (0*25 c.c. in each small testtube) and covered with liquid paraffin. The heater in the chamber was then turned off and the temperature allowed to fall gradually to 20° C, which it did in about 25 min. After remaining a t 20° C for 10 min., the samples were then placed successively in therm ostatic chambers a t 15, 10, 5 and 1° C. The time the samples remained in each chamber was varied according to the experiment. After reaching 1° C the samples remained in the chamber until next day (about 24 hr.) and were then stood a t room temperature for 20 min. and finally warmed to 27° C for 10 min. in the warm chamber. The respiratory activity was then measured in the usual way. The results are set out in table 2 and the mean respiratory activities a t various rates of cooling plotted on the accompanying graph (figure 1). I t will be seen from the data and the curve th a t rapid cooling (less than 5 min. in each chamber) reduces the respiratory activity, measured after 24 hr. storage a t 1° C, to about 20 % of the fresh sample, but if kept for more than 2 hr. in each chamber the sample loses little or none of its respiratory activity. The results show th a t storage a t a tem perature as low as 1° C has no harmful effect provided the cooling is done gradually. The results also indicate th a t the rate of cooling is not so im portant as the time taken by the spermatozoa to become acclimatized to a given temperature change. This follows from the fact th a t when transferring the semen from one chamber to another, there is a lag of about 10 min. before the temperature of the spermatozoa in the test-tube reaches equilibrium with the tem perature of the chamber. The actual rate a t which the spermatozoa cool is determined by this lag, and is the same throughout the experiment, except perhaps when the changes are very rapid (less than 10 min. in each chamber). There is, moreover, no discontinuity at this part of the curve. The conclusion may be drawn th a t it is not so much the rate of fall of temperature which is the significant factor in gradual cooling, as the time which the spermatozoa remain at each given temperature and become acclimatized.
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acclim atization in terv al (m inutes)
F igure 1. Effect of acclim atization in terv al upon th e respiration of ram sperm atozoa k e p t successively a t 15, 10 an d 5° C before storage for 24 hr. at 1° C. A further experiment provides evidence th at temperature shock is more severe at a low temperature than at a higher one. Table 3 shows the results of suddenly cooling the semen through 10° C5 while the sample is otherwise undergoing gradual cooling. I t will be seen th a t while sudden cooling is harmful a t all temperatures, the effect is most marked at the lower ones.
For short exposures tem perature shock is relatively less severe than for long exposures. This is shown in the following experiment in which the semen was cooled rapidly and stored for only 1 hr. The results are shown in table 4. At temperatures above 15° C there is little effect, while at a tem perature as low as 1° C the respiratory activity still remains at about 45% of its original value. The effect of tem perature shock is therefore accumulative and takes some time to reach its full effect. Temperature shock is only apparent when the temperature is suddenly lowered; there is no corresponding effect when the temperature is suddenly raised. The results of some tests which justify this conclusion are shown in table 5. Sudden warming was done by taking the sample straight from 1° C to the w ater-bath a t 37° C. Slight differences between the pairs, slowly and rapidly warmed, are not significant. 
Discussion
The results obtained justify, so far, the following conclusions. A low temperature (1° C) is not harmful to spermatozoa provided the cooling is done gradually. Sudden cooling (temperature shock) has a deleterious effect. The effect takes some time to reach its m axim um : a short exposure to a low tem perature being less harmful than a long one. The effect increases as the temperature, a t which sudden cooling occurs, is lowered. No harm is done to the spermatozoa if the tem perature is lowered gradually by stages of 5° C, and there is a sufficiently long interval (2 hr.) between each stage. Acclimatization is therefore a slow process which takes some time to reach completion. There is either no tem perature shock when sperma tozoa are raised to a higher tem perature or, in this case, acclimatization takes place practically instantaneously. In a sample of semen subjected to temperature shock there is a decided reduction in the number of sperma tozoa which reactivate on rewarming and a decrease in the activity of the cells which do reactivate. No visible change in the structure of affected cells has been detected.
We have as yet no explanation to offer for these phenomena, even the terms 'tem perature shock' and 'acclimatization' are used empirically to express end results rather than processes, although we can say th a t both take some time to reach completion.
A suspension of spermatozoa is not a stable homogeneous system. I t is in the first place composed of a heterogeneous population of cells with various ages, activities and powers of resistance. Moreover, metabolic processes are continually changing the composition of the cells and of the medium in which they are suspended. There is evidence th a t anaerobic and aerobic glycolysis occurs in a suspension of active spermatozoa, with depletion of glucose or other source of energy. There is accumulation of lactic acid, uptake of oxygen and formation of carbon dioxide. Cells in vitro also undergo a process of senescence, and their resistance decreases. All these processes have most probably different temperature character istics so th a t a change of temperature alters the whole balance of the reactions. A sudden change of temperature will have an effect on the end result which is different from the effect of a slow change. It is probably along the line of investigation of these processes, and of their temperature characteristics, th a t an explanation of temperature shock and acclimati zation is to be found.
Although the analogy may be superficial it is possible th at the pheno mena of temperature shock and acclimatization observed with mammalian Vol. 129 B. 35 spermatozoa are similar to those described by Mellanby (1940) for amphi bian tissues and insects.
The optimum temperature of storage
Reference was made above to the different value given by various authors to the optimum storage tem perature for mammalian spermatozoa. Our results show th a t the optimum depends, not only upon the actual temperature, but also upon the rate of cooling and the time of exposure. If cooling is rapid, and the time of exposure short, table 4 shows th at 20-15° C is the optimum. If kept longer at these temperatures, however, survival is not more than about 24 hr., as is seen in table 7. If the time of exposure is 24 hr., table 6 shows th a t 5° C is a more favourable temperature than 1° C for both sudden cooling and moderately slow cooling (20 min. interval). W ith very gradual cooling in stages of 5° C and with an interval of 2 hr. between stages, the optimum tem perature is 1° C or possibly below, but there is not much difference between storage at 3 or 1° C. This is shown in table 7 and figure 2, which record the effect on respiratory activity of semen cooled gradually and stored for 6 days at various tem peratures. At 1° C the slowly cooled semen retained 74% of its original activity for 6 days. This figure, however, does not represent the full possibility of this method of storage. We have found th a t storing the whole quantity of semen in one tube gives better results than storing in small quantities. From two large samples, which were of exceptionally good quality, we have obtained 87 % of activity after 13 days and 82% after 14 days.
Respiratory activity and survival of ram spermatozoa 527 te m p e ra tu re of storage (° C) F ig u r e 2. E ffect of te m p e ra tu re of storage u p o n th e resp irato ry a c tiv ity o f ram sem en cooled gradually an d stored for 6 days.
We wished to continue this study with long periods of storage, but with the advancing summer the quality of the ram semen declined, and further investigation has had to be postponed until the next breeding season in autumn. I t will then be possible to test not only the survival of respiratory activity, but also, by means of artificial insemination, its fertilizing capacity. 
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